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Introduction {#sec001}
============

Two million individuals acquired HIV-1 (HIV) in 2014, contributing to the nearly 37 million living with this still incurable infection \[[@ppat.1006025.ref001]\]. While most individuals acquired the virus through heterosexual sex \[[@ppat.1006025.ref002]\], the per act risk of female-to-male transmission is generally low (less than 1/250 per coital act in low income countries \[[@ppat.1006025.ref003]\]). This risk is also highly variable, and is dependent on factors in both the infected and uninfected partner \[[@ppat.1006025.ref004]\]. Susceptibility of an uninfected male partner has been epidemiologically linked to younger age \[[@ppat.1006025.ref005], [@ppat.1006025.ref006]\], race \[[@ppat.1006025.ref007]\], genital co-infections \[[@ppat.1006025.ref008]\], and lack of male circumcision \[[@ppat.1006025.ref009], [@ppat.1006025.ref010]\]. However, the biological mechanisms by which these parameters alter HIV susceptibility remain incompletely understood.

Mucosal inflammation and immune activation are hypothesized to enhance HIV susceptibility. In the genital mucosa, CD4 T cells expressing CCR5 are the primary targets of HIV \[[@ppat.1006025.ref011]--[@ppat.1006025.ref014]\], with potential transport and amplification by local dendritic cell subsets \[[@ppat.1006025.ref015]\]. Thus, if inflammation leads to the recruitment of CCR5+ CD4 T cells, it will provide additional target cells for HIV. HIV also preferentially infects and replicates in activated CD4 T cells \[[@ppat.1006025.ref016]--[@ppat.1006025.ref021]\], and so augmented immune activation may also facilitate the establishment of productive mucosal infection. Contribution of mucosal inflammation to genital HIV susceptibility is consistent with data from female rhesus macaques, where pro-inflammatory cytokines promote the recruitment and activation of CD4 T cells in the vaginal mucosa \[[@ppat.1006025.ref013]\], and the number of CCR5+ CD4 T cells at the site of mucosal challenge dictates the likelihood of subsequent productive SIV infection \[[@ppat.1006025.ref022]\]. Furthermore, observational studies in South African women have linked pro-inflammatory genital cytokines to HIV acquisition \[[@ppat.1006025.ref023]\] and increased CD4 T cells in the cervical mucosa \[[@ppat.1006025.ref024]\]. While there are no similar data from men, asymptomatic herpes simplex virus type-2 (HSV-2) infection is associated with a 3-fold increased risk of HIV acquisition in heterosexual uncircumcised men \[[@ppat.1006025.ref025]\], perhaps due to increased CCR5+ CD4 T cells in foreskin tissue \[[@ppat.1006025.ref026], [@ppat.1006025.ref027]\].

Randomized clinical trials have conclusively shown that male circumcision reduces HIV susceptibility in heterosexual men \[[@ppat.1006025.ref028]--[@ppat.1006025.ref030]\], but the biological mechanisms underlying this protection remain incompletely understood. One hypothesis is that circumcision reduces genital inflammation and immune activation, either through the prevention of viral STIs \[[@ppat.1006025.ref031]\], the reduction of inflammatory anaerobic bacteria \[[@ppat.1006025.ref032]\], or through other mechanisms yet to be defined, which in turn this reduces the density of potential target cells for HIV. This hypothesis is supported by *ex vivo* experiments demonstrating that the inner aspect of the foreskin has an increased density of HIV target cells \[[@ppat.1006025.ref033]--[@ppat.1006025.ref035]\] and more efficient virus transfer from Langerhans cells to local CD4 T cells \[[@ppat.1006025.ref015]\] than the outer aspect, which is contiguous with the shaft skin that remains after circumcision. These observations suggest that the intact foreskin constitutes an immunologically activated tissue milieu that promotes target cell recruitment and dendritic cell maturation \[[@ppat.1006025.ref036]--[@ppat.1006025.ref038]\].

We hypothesized that elevated levels of pro-inflammatory penile cytokines would be associated with HIV acquisition in uncircumcised men and with an increased density of HIV target cells in foreskin tissue, and that cytokine levels would be reduced by circumcision. To test these hypotheses, we performed a case-control study of coronal sulcus cytokines and HIV acquisition among men who participated in a randomized controlled trial (RCT) of male circumcision in Rakai, Uganda \[[@ppat.1006025.ref029]\]. We then examined whether these inflammatory cytokines declined after circumcision in a subset of men who were enrolled in the trial but who did not acquire HIV. Finally, we used samples from a cross-sectional study of men undergoing elective circumcision \[[@ppat.1006025.ref039]\] to assess the correlation between prepuce cytokine levels and foreskin HIV target cell density.

Results {#sec002}
=======

Coronal sulcus cytokines and HIV acquisition {#sec003}
--------------------------------------------

To assess the relationship of coronal sulcus cytokines with seroconversion, we performed a nested case-control study comparing men who acquired HIV during the Rakai RCT of circumcision (n = 60, cases) to men who remained persistently seronegative (n = 120, controls). All men in this analysis were randomized to receive delayed circumcision and remained uncircumcised throughout the trial. Participant demographics are presented in [Table 1](#ppat.1006025.t001){ref-type="table"}. HIV seroconversion was associated with occupation, marital status, number of sex partners, condom use, alcohol consumption, and self-reported genital STI symptoms (genital ulcer, genital warts, urethral discharge), as previously reported \[[@ppat.1006025.ref040]\].

10.1371/journal.ppat.1006025.t001

###### Demographics of cases and controls from Rakai, Uganda.

![](ppat.1006025.t001){#ppat.1006025.t001g}

                                       Controls (n = 120)   Seroconverters (n = 60)   p-value          
  ------------------------------------ -------------------- ------------------------- --------- ------ -------
  **Age**                                                                                              
   15--24                              67                   55.8                      29        48.3   0.284
   25--29                              20                   16.7                      16        26.7   
   30--49                              33                   27.5                      15        25.0   
  **Education**                                                                                        
   None                                9                    7.5                       4         6.7    0.975
   Primary                             82                   68.3                      41        68.3   
   Secondary+                          29                   24.2                      15        25.0   
  **Religion**                                                                                         
   Catholic                            76                   63.3                      43        71.7   0.487
   Protestant                          36                   30.0                      13        21.7   
   Other                               8                    6.7                       4         6.7    
  **Occupation**                                                                                       
   Sustenance Agriculture              38                   31.7                      22        36.7   0.014
   Salaried Employment                 8                    6.7                       1         1.7    
   Trade/Shopkeeper                    32                   26.7                      17        28.3   
   Student                             22                   18.3                      2         3.3    
   Other                               20                   16.7                      18        30.0   
  **Marital Status**                                                                                   
   Single                              59                   49.2                      27        45.0   0.004
   Monogamous                          55                   45.8                      20        33.3   
   Polygamous                          4                    3.3                       5         8.3    
   Separated                           2                    1.7                       8         13.3   
  **Sex partners last 12 months**                                                                      
   0                                   18                   15.0                      4         6.7    0.022
   1                                   71                   59.2                      29        48.3   
   2+                                  31                   25.8                      27        45.0   
  **Condom use, if sexually active**                                                                   
   Not using                           46                   45.1                      16        28.6   0.027
   Sometimes                           31                   30.4                      29        51.8   
   Always                              25                   24.5                      11        19.6   
  **Genital washing**                                                                                  
   Less than daily                     23                   19.2                      15        25.0   0.366
   Daily or more                       97                   80.8                      45        75.0   
  **Alcohol use**                      79                   65.8                      49        81.7   0.027
  **Syphilis prevalence** (n = 168)    2                    1.8                       4         7.0    0.109
  **HSV-2 seroprevalence** (n = 164)   39                   34.2                      22        44.0   0.116
  **Self-reported genital symptoms**   1                    0.8                       7         11.7   0.001

All cytokines examined were detected in coronal sulcus swabs, although many were detected infrequently. IL-8 was most common, detected in 60% of coronal sulcus swabs (concentration range \>1.5--7405.7pg/ml in swabs suspended in 1ml transport medium), followed by MIG (range \>0.3--6.9pg/ml), which was detected in 25% of swabs. Other cytokines, (GM-CSF, MCP-1, MIP3α, IL-1a and RANTES) were detected infrequently (\<10% of participants, [Table 2](#ppat.1006025.t002){ref-type="table"}). Cytokine detection was not associated with sexual behavior or demographic factors ([S1](#ppat.1006025.s001){ref-type="supplementary-material"} and [S2](#ppat.1006025.s002){ref-type="supplementary-material"} Tables), but was associated with self-reported STI symptoms (genital ulcer, genital warts, urethral discharge).

10.1371/journal.ppat.1006025.t002

###### Association of coronal sulcus cytokines with subsequent HIV seroconversion.

![](ppat.1006025.t002){#ppat.1006025.t002g}

                                                              Cytokine Prevalence   Unadjusted Odds Ratio (95% CI)   *Adjusted Odds Ratio* [^A^](#t002fn001){ref-type="table-fn"} *(95% CI)*                               
  ----------------------------------------------------------- --------------------- -------------------------------- ------------------------------------------------------------------------- ------ -------------------- ------------------------------
  Individual Cytokines                                                                                                                                                                                                     
   IL-8                                                       63                    52.5                             44                                                                        73.3   2.52 (1.28, 4.99)    *2*.*26 (1*.*04*, *6*.*40)*
   MIG                                                        23                    19.7                             22                                                                        36.7   2.49 (1.23, 5.03)    *2*.*72 (1*.*15*, *8*.*06)*
   GM-CSF                                                     5                     4.2                              7                                                                         11.7   3.02 (0.92, 9.91)    
   MCP-1                                                      6                     5.0                              6                                                                         10.0   2.10 (0.65, 6.79)    
   MIP3α                                                      4                     3.3                              5                                                                         8.3    2.61 (0.68, 10.06)   
   IL-1a                                                      4                     3.3                              3                                                                         5.0    1.53 (0.33, 7.16)    
   RANTES                                                     3                     2.5                              2                                                                         3.3    1.35 (0.22, 8.30)    
  Number of Cytokines[^B^](#t002fn002){ref-type="table-fn"}                                                                                                                                                                
   0                                                          55                    45.8                             14                                                                        23.3   ref.                 *ref*.
   1                                                          42                    35.0                             25                                                                        41.7   2.34 (1.09, 5.03)    *2*.*56 (0*.*93*, *7*.*70)*
   2+                                                         23                    19.2                             21                                                                        35.0   3.78 (1.61, 8.90)    *3*.*30 (1*.*21*, *12*.*50)*

^A^ Adjusted for STI diagnostics (syphilis and HSV-2), and all variables associated with either seroconversion, IL-8 or MIG (occupation, marital status, multiple sex partners, condom use, alcohol use, STI symptoms)

^B^ Number of cytokines analyzed as a categorical variable. When number of cytokines is analyzed as a continuous variable, the aOR of seroconversion = 1.42 per one cytokine increase (95% CI: 1.01--2.01).

Men who acquired HIV were more likely to have detectable levels of the chemoattractant cytokines IL-8 (aOR 2.58, 95% CI: 1.40--6.40) and MIG (aOR 3.05, 95% CI: 1.15--8.06) at the visit prior to seroconversion ([Table 2](#ppat.1006025.t002){ref-type="table"}). The increased odds of HIV acquisition did not change after adjusting for covariates associated with either the detection of cytokines ([S1](#ppat.1006025.s001){ref-type="supplementary-material"} and [S2](#ppat.1006025.s002){ref-type="supplementary-material"} Tables) or seroconversion ([Table 1](#ppat.1006025.t001){ref-type="table"}), including self-reported STI symptoms.

HIV seroconversion was not associated with the detection of other cytokines (GM-CSF, MCP-1, MIP3α, IL-1a and RANTES), but power was limited due to the low prevalence of these cytokines. However, when the total number of detectable cytokines was considered as the primary exposure, the odds of seroconversion was found to increase significantly with the presence of two or more cytokines (aOR 3.88, 95% CI 1.21--12.50; [Fig 1](#ppat.1006025.g001){ref-type="fig"} and [Table 2](#ppat.1006025.t002){ref-type="table"}).

![Risk of seroconversion increased when multiple coronal sulcus cytokines detected.\
IL-8, GM-CSF, MCP-1, MIP3α, IL-1a and RANTES were measured in coronal sulcus swabs taken at the visit immediately prior to seroconversion in men who acquired HIV (n = 60, cases). Cytokines were also measured in time-matched swabs from men who remained persistently seronegative (n = 120, controls). The proportion of men with either no, one, or two or more cytokines detected who were either seroconverters or controls is presented. Adjusted odds ratio (aOR) of being a seroconverter given two or more cytokines was detected (compared to no cytokines detected) is presented.](ppat.1006025.g001){#ppat.1006025.g001}

Impact of circumcision on coronal sulcus cytokines {#sec004}
--------------------------------------------------

Since coronal sulcus cytokines were associated with increased HIV susceptibility, we examined circumcised and uncircumcised men who remained persistently seronegative to determine how circumcision impacts coronal sulcus cytokines levels. Enrolment demographics of men randomized to receive either immediate circumcision ("circumcised", n = 80) or delayed circumcision ("uncircumcised", n = 80) were similar ([S3 Table](#ppat.1006025.s003){ref-type="supplementary-material"}). Detectable IL-8 declined significantly after circumcision ([Fig 2](#ppat.1006025.g002){ref-type="fig"}), even though the prevalence of detectable coronal sulcus cytokines was similar between the two groups at enrollment ([S4 Table](#ppat.1006025.s004){ref-type="supplementary-material"}). Among men who received circumcision, the prevalence of detectable coronal sulcus IL-8 declined significantly by month 6 post-circumcision (PRR month 6 compared to enrollment was 0.59, 95% CI: 0.44--0.87; [Fig 2](#ppat.1006025.g002){ref-type="fig"}) and continued to decline throughout the 24 month follow-up period (PRR 0.29, 95% OR 0.16--0.54); the decline between months 6 and 24 was significant (PRR 0.49, 95% CI 0.25--0.96). There were no significant changes in IL-8 detection among uncircumcised men. Even though MIG was associated with seroconversion, it did not change significantly after circumcision. Likewise, the prevalence of other coronal sulcus cytokines (MIG, MCP-1, MIP3α, IL-1a and RANTES) showed no significant change after circumcision ([S4 Table](#ppat.1006025.s004){ref-type="supplementary-material"}).

![Impact of male circumcision on coronal sulcus IL-8 detection.\
IL-8 was measured in coronal sulcus swabs taken at enrolment (time = 0), and at month 6, 12 and 24 follow-up visits. Enrolment swabs were collected prior to surgery for men randomized to receive immediate circumcision (n = 80); control men remained uncircumcised (n = 80). The proportion of men with detectable IL-8 and 95% CIs (Fisher's exact) is presented, with prevalence risk ratio (PRR) compared to baseline, and adjusted PRR (aPRR), below. \* p-value for PRR comparing prevalence of IL-8 detection between controls and circumcised men is \<0.001.](ppat.1006025.g002){#ppat.1006025.g002}

Prepuce cytokines and foreskin T cell density {#sec005}
---------------------------------------------

We found that coronal sulcus IL-8 and MIG were associated with increased HIV susceptibility, and that circumcision significantly reduced IL-8. Given that IL-8 and MIG are both chemoattractant cytokines associated with recruitment of immune cells to sites of inflammation \[[@ppat.1006025.ref041]\], we therefore examined the link between levels of prepuce cytokines and the density of pro-inflammatory and HIV-susceptible immune cell populations in foreskin tissues. We measured IL-8 and MIG levels in coronal sulcus swabs collected from 89 men who underwent elective adult circumcision at the Rakai Health Sciences Program (RHSP) Circumcision Service Program, in whom we previously characterized foreskin T cell populations \[[@ppat.1006025.ref039]\]. Participant demographics are provided in [S5 Table](#ppat.1006025.s005){ref-type="supplementary-material"}; no behavioral characteristics recorded correlated with levels of IL-8 or MIG. IL-8 levels were above the LLOQ in 94.4% of participants (84/89), and MIG was detectable in 51.7% (46/89). We examined the correlation of each cytokine with the density of total CD4 and CD8 T cells, and also with the following HIV target cell populations: (1) CD4 T cells expressing the HIV co-receptor CCR5 (CD3+/CD4+/CCR5+); (2) Th17 cells (CD3+/CD4+/IL-17A+); (3) Th1 cells (CD3+/CD4+/ IFNγ+); and, (4) CD4 T cells producing TNFα (CD3+/CD4+/ TNFα+). IL-8 concentration correlated with the density of both CD4 and CD8 T cells ([Fig 3A and 3B](#ppat.1006025.g003){ref-type="fig"}; p\<0.05), and with the density of CD4 T cell subsets known to be preferential HIV target cells: CCR5+ CD4 T cells, Th17 cells, Th1 cells, and TNFα+ CD4 T cells ([Fig 3C, 3D, 3E and 3F](#ppat.1006025.g003){ref-type="fig"}; all p≤0.02). Having detectable coronal sulcus MIG was only associated with a non-significant trend of increased total CD4 (44.0 vs. 33.5 cells/mm^2^, p = 0.08; [Fig 3G](#ppat.1006025.g003){ref-type="fig"}), but with a significant trend to increased CD8 T cell density (35.5 vs. 22.7 cells/mm^2^, p = 0.04).

![Association of cytokine levels with foreskin T cell density.\
IL-8 and MIG were measured in coronal sulcus swabs (n = 89) taken immediately prior to circumcision, and densities of T cell subsets were measured in foreskin tissue by flow cytometry and IHC. **A-F**: Correlation of IL-8 concentration with the following densities of T cell populations are displayed: (A) CD8+ T cells; (B) CD4+ T cells; (C) CCR5+ CD4 T cells; (D) Th17 cells; (E) Th1 cells; and (F) TNFα+ CD4 T cells. **G:** Median and range of total foreskin CD4 and CD8 T cell density stratified by detection of MIG and compared using Mann-Whitney U test. All data are log~10~ transformed.](ppat.1006025.g003){#ppat.1006025.g003}

To investigate the relationship of other tissue immune cell populations with prepuce cytokine levels, we next assessed neutrophil (CD15+) and dendritic cell (CD207+ Langerhans and CD11c+ dermal dendritic cell) density in a subset of men with high (n = 5; median IL-8 = 3422.6pg/ml, all MIG detectable) and low (n = 5; median IL-8 = 1.8pg/ml, all MIG undetectable) coronal sulcus cytokine levels ([Fig 4A--4C](#ppat.1006025.g004){ref-type="fig"}). Neutrophils were found in both the epidermis and dermis, often in concentrated foci; Langerhans cells were found almost exclusively in the epidermis, and CD11c+ cells were predominantly in the dermis, as previously reported \[[@ppat.1006025.ref042]\]. Men with high prepuce cytokine levels had a 4-fold higher density of tissue neutrophils than men with low cytokine levels (22.6 vs. 5.6 cells/mm^2^, p = 0.016; [Fig 4D](#ppat.1006025.g004){ref-type="fig"}). However, densities of dendritic cell populations were similar in men with high and low cytokine levels (CD11c: 10.0 vs. 8.6 cells/mm^2^ dermal tissue, ns; CD207: 80.6 vs. 49.8 cells/mm^2^ epidermal tissue, ns).

![Association of cytokine levels with foreskin neutrophil and dendritic cell density.\
Immunofluorescence was used to measure neutrophil and dendritic cell densities in foreskin tissues from men with either high (n = 5) or low (n = 5) coronal sulcus IL-8 and MIG levels. **A-C**: Representative images of: (A) CD15+ neutrophils (green); (B) CD11c+ dermal dendritic cells (red); and (C) CD207+ Langerhans cells (green). Nuclei are counterstained with DAPI (blue) in all images. **D:** Median and range of foreskin neutrophil density in total foreskin tissue, Langerhans density in epidermal tissue, and dermal dendritic cell density in dermal tissue, from men with high (hatched bars) or low (open bars) cytokine levels. Groups compared using Mann-Whitney U test.](ppat.1006025.g004){#ppat.1006025.g004}

To rule out potential confounding of coronal sulcus cytokine levels by the vaginal secretions of a female sexual partner, cytokines were also assessed in female partner vaginal swabs collected on the day of male circumcision \[[@ppat.1006025.ref043]\] for all 89 men in this analysis. Both IL-8 (median 699.5pg/ml, range 1.5--5693.9pg/ml) and MIG (median 5.9pg/ml, range 0.3--853.4pg/ml) were detectable in vaginal swabs, but we found no correlation between vaginal and penile cytokines within couples (Spearman's rho: IL-8 = 0.17, MIG = 0.14, both not significant), suggesting that cytokines detected in coronal sulcus swabs did not originate from the female partner.

Discussion {#sec006}
==========

Our study demonstrates a significant link between pro-inflammatory coronal sulcus cytokines and HIV acquisition in heterosexual men. Specifically, the chemoattractant cytokine IL-8 was associated with both an increased odds of seroconversion and an increased density of highly-susceptible HIV target cells in the foreskin. In addition we found that male circumcision, a procedure that significantly reduces HIV acquisition, progressively reduced detection of coronal sulcus IL-8 during two years of follow-up (PRR of 0.29 at 24 months post-circumcision). Overall, these results suggest that the protective effect of male circumcision against HIV may be mediated in part through reductions in genital inflammation and the subsequent inflammation-mediated recruitment of HIV-susceptible cells to the foreskin. Although the mechanism(s) underpinning the relationship between cytokines and HIV susceptibility could not be fully elucidated by this observational study, the observation that coronal sulcus IL-8 and MIG were associated with HIV seroconversion is in keeping with a recent report that pro-inflammatory vaginal cytokines in women predict HIV acquisition \[[@ppat.1006025.ref023]\], and with *in vitro* experiments demonstrating that IL-8 increases HIV susceptibility in cervical explants \[[@ppat.1006025.ref020]\].

Both IL-8 and MIG belong to the chemokine family, a group of structurally similar small molecules that act as chemoattractants for immune cells expressing appropriate receptors. Since HIV predominantly infects CD4 T cells \[[@ppat.1006025.ref011], [@ppat.1006025.ref013], [@ppat.1006025.ref044]\], both the availability and the HIV-permissivity of local CD4 T cells may dictate whether or not infection is established, with a limited number of highly susceptible cells driving initial mucosal infection \[[@ppat.1006025.ref045], [@ppat.1006025.ref046]\]. Therefore, recruitment or activation of specific subsets of CD4 T cells that are especially permissive to HIV may be important; Th17 and Th1 cells are highly HIV-permissive *in vitro* and are preferentially depleted *in vivo* during acute infection \[[@ppat.1006025.ref047]--[@ppat.1006025.ref050]\], and Th17 cells have recently been shown to be the primary targets of SIV, representing 64% of infected cells 48 hours after vaginal challenge \[[@ppat.1006025.ref044]\]. Furthermore, men who are regularly HIV exposed but remain seronegative (HESN men) have a decreased relative abundance of both Th17 and TNFα+ CD4 T cells in their foreskin tissue \[[@ppat.1006025.ref043]\]. Our finding that detectable coronal sulcus IL-8 was significantly associated with an increased overall number of CD4 T cells, including an increased density of highly susceptible Th17, Th1 and TNFα+ CD4 T cells, suggests that target cell availability may contribute to the association between coronal sulcus chemokines and HIV susceptibility.

While the association between foreskin IL-8 and HIV target cells does not prove this cytokine recruits or is produced by HIV target cells, a causal relationship is plausible. Epithelial cells (including keratinocytes) and macrophages responding to early immune stimuli are the main source of IL-8 during skin inflammation \[[@ppat.1006025.ref051]--[@ppat.1006025.ref054]\]. While many cell types express the IL-8 receptors CXCR1 and CXCR2 \[[@ppat.1006025.ref055]\], IL-8 primarily recruits and activates neutrophils \[[@ppat.1006025.ref051], [@ppat.1006025.ref056], [@ppat.1006025.ref057]\], which is consistent with our data showing a 4-fold higher density of neutrophils in foreskin tissues of men with high prepuce IL-8 levels. Neutrophils recruited by IL-8 are activated by bacterial antigens in the presence of inflammatory cytokines (IFNγ) to produce Th17-recruiting chemokines (MIP-3α and MCP-1) and Th1-recruiting chemokines (MCP-1 and IP-10) \[[@ppat.1006025.ref058]--[@ppat.1006025.ref060]\]. In turn, Th17 and Th1 cells produce IL-17 and IFNγ, respectively \[[@ppat.1006025.ref061]\], both feeding back into the inflammatory cascade: IL-17 stimulates epithelial cells to produce more IL-8 \[[@ppat.1006025.ref062]\], and IFNγ contributes to neutrophil chemokine production \[[@ppat.1006025.ref060], [@ppat.1006025.ref063]\]. Reciprocally, Th17 cells may directly contribute to IL-8 levels: Th17 cells have recently been shown to be the only subset of CD4 T cells to produce high levels of IL-8 \[[@ppat.1006025.ref060], [@ppat.1006025.ref064], [@ppat.1006025.ref065]\]. In support of this, treatment with antibodies preventing the formation and action of Th17 cells (secukinumab, specific for IL-17A/IL-23) prevents neutrophil recruitment to the skin and keratinocyte immune activation, and reduces local levels of IL-8 \[[@ppat.1006025.ref066]\]. Thus, IL-8 may be part of a positive-feedback loop, whereby local innate immune cells recruit neutrophils through IL-8, which in turn recruit HIV target cells through MIP-3α and MCP, and these HIV target cells then produce inflammatory cytokines, feeding back into local innate immune cell activation and IL-8 production. We hypothesize that this positive-feedback loop provides a causal basis for the association that we observed between prepuce IL-8 levels and HIV target cells, and that HIV target cells recruited by this mechanism drive the observed increased risk of seroconversion.

HIV seroconversion in our cohort was also associated with the detection of MIG and was increased if multiple cytokines were present. MIG is produced by macrophages in response to IFNγ and directly recruits activated T cells through CXCR3 \[[@ppat.1006025.ref067]\], consistent with our observations that men with detectable MIG had increased numbers of foreskin CD8 T cells and a trend towards increased CD4 T cells (p = 0.08). The recruitment of IFNγ-producing T cells by MIG may also feed into to the relationship between IL-8 and HIV target cell recruitment, since IFNγ contributes to neutrophil activation and Th1/Th17 cell recruitment (as above). Of note, MCP-1 and MIP-3α were the next most abundant cytokines detected in this study (after IL-8 and MIG), and these two chemokines have been shown to specifically mediate the recruitment of Th17 cells by neutrophils \[[@ppat.1006025.ref060]\]. We therefore hypothesize that increased risk of seroconversion with multiple cytokines is due to MIG, MCP-1 and MIP-3α feeding into the local inflammatory feedback loop described above. However, while this observational study provides important *in vivo* human data, further *in vitro* or animal studies will be necessary to completely define the causal nature of these associations.

Other cell types, such as Langerhans cells and dermal dendritic cells have been shown to facilitate HIV infection in the foreskin \[[@ppat.1006025.ref068]\], and may contribute to increased HIV-susceptibility observed in this study. While tissue density of Langerhans cells and dermal dendritic cells was not associated with prepuce IL-8 or MIG, local tissue inflammation may contribute to dendritic cell maturation and function, thereby facilitating HIV transfer to susceptible T cell populations, as has been previously described \[[@ppat.1006025.ref068], [@ppat.1006025.ref069]\].

The reduction in coronal sulcus chemokines after male circumcision sheds light on a potential biological mechanism by which circumcision protects against HIV acquisition: reduced penile inflammation. We observed a significant decrease in coronal sulcus IL-8 at the first follow-up visit after circumcision (PRR = 0.59 at 6 months, 95% CI: 0.40--0.88), and IL-8 continued to decline up to study conclusion (PRR = 0.29 at 24 months, 95% CI: 0.16--0.54), which was significantly lower than at month 6. This may reflect a gradual decline in HIV target cells within remaining penile tissue, as effector T cells have been shown to be slow to clear a site of previous infection, and are enriched in tissue sites for months after antigen becomes undetectable in the skin \[[@ppat.1006025.ref070]\]. *In vitro* studies also suggest that target cell availability contributes to the efficacy of male circumcision, as the inner aspect of the foreskin contains a comparatively high density of HIV target cells \[[@ppat.1006025.ref015], [@ppat.1006025.ref033]--[@ppat.1006025.ref035]\]. Male circumcision may reduce HIV susceptibility by reducing penile inflammation and HIV target cell availability.

The factors causing penile inflammation could not be fully delineated in this study. Prepuce cytokine levels in uncircumcised men do not correlate with urethral cytokines (Kaul R and Galiwango R; unpublished), and we found no association with female partner vaginal cytokines, suggesting that prepuce cytokines do not derive from these sources, and may be produced in foreskin tissue. No significant associations were observed between IL-8 or MIG and age, number of sex partners, condom use, genital washing or seroprevalent STIs (HSV-2 and syphilis). While self-reported STI symptoms were associated with increased detection of both IL-8 and MIG, this did not fully account for the association between these cytokines and seroconversion. Additionally, even in symptom-free participants uninfected by HSV-2 and syphilis, we observed IL-8 concentrations ranging over 1000-fold (\>1.5 to 2626.9pg/ml), suggesting that "normal" penile immune parameters are highly variable, and may be affected by factors other than classical STIs. This is in agreement with findings in South African women, where vaginal chemokine levels were associated with increased risk of HIV acquisition, but were incompletely explained by the presence of STIs \[[@ppat.1006025.ref023]\]. Determining the factors contributing to heterogeneity in genital inflammation warrants further research as prior simulation studies have shown that variability in HIV susceptibility can affect HIV epidemic dynamics significantly and may explain differences in HIV epidemic trajectories between populations \[[@ppat.1006025.ref071]\].

One possible contributor to penile inflammation is the resident microbiome. Alterations in the vaginal bacterial community in women, such as bacterial vaginosis, are associated with increased risk of HIV \[[@ppat.1006025.ref072]--[@ppat.1006025.ref075]\], possibly due to local inflammation \[[@ppat.1006025.ref076], [@ppat.1006025.ref077]\]. Th17 cells are essential in the defense against bacterial infections \[[@ppat.1006025.ref078], [@ppat.1006025.ref079]\], and colonization by pathogenic bacteria may increase HIV susceptibility by increasing Th17 cell density \[[@ppat.1006025.ref050]\]. We have previously found that uncircumcised men are more likely to have BV-associated anaerobic bacteria in their sub-preputial space \[[@ppat.1006025.ref080]\], and that circumcision gradually reduces both the total bacterial load and the abundance of these anaerobes \[[@ppat.1006025.ref032]\]. Of note, while anaerobe abundance decreased rapidly within 6 months post-circumcision, it continued to decline for up to 24 months. This is similar to the gradual decline in IL-8 levels that we observed over the same period, and so the role of the penile microbiome as a driver of tissue inflammation and HIV susceptibility may be an interesting area for future study.

A limitation of the current work was the low concentration of cytokines in coronal sulcus swabs, especially swabs collected during the circumcision RCT. Swabs from the RCT were stored at -80°C for up to 10 years between collection and cytokine analysis. Cytokines, including IL-8, have been shown to degrade after 4 years, despite ideal storage conditions \[[@ppat.1006025.ref081]\]. This likely explains the difference in detectability of IL-8 between swabs collected during the RCT and those collected from men attending the Circumcision Service Program, as swabs from the latter group were analyzed within one year of collection. However, it is unlikely that IL-8 degradation can account for differences observed between comparator groups in this study. In the case control study of HIV seroconversion, controls were matched to cases based on visit (time) and swab storage time did not vary between groups (median 4.7 years for both groups). Additionally, we found no correlations between IL-8 concentration and date of swab collection, suggesting that variability in swab storage time due to the relatively short duration of the trial (August 2003- November 2006) cannot account for the differences in IL-8 levels observed when examining the impact of circumcision on cytokine levels. It is possible that associations with other cytokines may have been missed due to low analyte concentration, explaining why cytokines observed to be released *ex vivo* from foreskin explants were not detectable in swabs in this study \[[@ppat.1006025.ref033], [@ppat.1006025.ref035], [@ppat.1006025.ref069]\].

In conclusion, penile inflammation is an important risk factor for HIV acquisition in heterosexual men. HIV acquisition was associated with elevated levels of coronal sulcus IL-8 and MIG, which correlated with an increased density of T cells in the underlying foreskin tissue. In particular, prepuce concentrations of IL-8 were correlated with both an increased overall tissue density of CD4 T cells, as well as an increased density of specific highly HIV-susceptible CD4 T cell subsets. Finally, circumcision progressively reduced coronal sulcus IL-8 for up to 24 months after the procedure, which suggests a reduction in penile inflammation may be one mechanism by which circumcision is protective against HIV. Identifying causes of penile inflammation and immune activation in otherwise healthy men may lead to novel interventions to reduce the sexual transmission of HIV.

Materials and Methods {#sec007}
=====================

Study participants {#sec008}
------------------

We examined samples and data collected from two study populations enrolled through the Rakai Health Sciences Program (RHSP) in Uganda: one enrolled in an RCT of male circumcision, conducted from 2003--2006 \[[@ppat.1006025.ref029]\]; and the second enrolled in an observational cross-sectional study through the RHSP Circumcision Service Program between 2010--2011 \[[@ppat.1006025.ref039]\]. Study design and sample population selection are described in detail in the Statistical Methods Section, below.

### Study participants: Circumcision RCT {#sec009}

A total of 4,996 uncircumcised HIV-seronegative men aged 15--49 were enrolled in the RCT of male circumcision \[[@ppat.1006025.ref029]\]. Men were randomized to receive either immediate circumcision or circumcision delayed for 24 months, and were followed up at 6, 12 and 24 months to detect incident HIV infection and STIs, and to monitor sexual risk behaviors. At enrollment, all consenting men provided interview information on sociodemographic, behavioral and health characteristics and underwent a physical examination. Men with evidence of genital infections (urethral discharge, genital ulceration or dysuria) were treated and reassessed to ensure resolution of infection before surgery. Symptomatic STIs at follow-up visits were treated, but study visits were not delayed until resolution of symptoms. A detailed interview on time-varying behavioral and health characteristics was performed by a clinical officer at all follow-up visits.

In addition to collecting data on self-reported genital symptoms, blood samples were obtained at all visits for HIV, syphilis and HSV-2 serology. The rapid plasma reagin test (RPR test, Becton Dickinson, Franklin Lakes, NJ USA) was performed to screen for syphilis, and positive samples confirmed by Treponema pallidum particle agglutination assay (Serodia TP-PA kit, Fujirebio Diagnostics, Malvern, USA). Testing for HSV-2 was performed using an HSV-2 IgG enzyme immunoassay (Kalon Biological, Guildford, UK) using cutoffs previously validated in Rakai \[[@ppat.1006025.ref082]\]. HIV status was determined by two enzyme immunoassays (EIAs); Vironostika HIV-1/2 Plus O (Organon Teknika, Charlotte, NC, USA) and Murex HIV-1.2.0 (Murex Biotech Limited, Dartford, UK), run in parallel. All samples discordant on the two EIAs and seroconverters were subjected to Western blot confirmation (HIV-1 Western Blot; Bio-Merieux-Vitek). All first-time positive HIV results were confirmed by the detection of HIV RNA in serum using PCR and, in the case of seroconversions, serum from the visit prior to seroconversion was screened for HIV RNA using PCR to rule out acute infection. RNA was extracted using the Abbott Sample Preparation System, and amplification was performed using the Real Time HIV-1 Amplification Reagent Kit (Abbott Molecular, Des Plaines, IL) and run on the M2000rt (Abbott) with a lower limit of detection of 40 copies/ml.

### Study participants: Circumcision service program {#sec010}

To assess the relationship between prepuce cytokines and foreskin T cell density, we retrospectively analyzed all swabs collected from HIV-negative men (n = 89) enrolled in a cross-sectional, observational study of men presenting for elective adult circumcision at the Rakai Circumcision Service Program \[[@ppat.1006025.ref026], [@ppat.1006025.ref039], [@ppat.1006025.ref043], [@ppat.1006025.ref083]\]. During the observational study, men were enrolled at their surgical visit, and consented to provide information on socio-behavioral characteristics and underwent a physical examination. The primary female partner of each man was also offered participation, and if she consented, provided a self-collected vaginal swab. Men with evidence of genital infections (urethral discharge, genital ulceration or dysuria) were treated and reassessed to ensure resolution of infection before surgery. Blood samples from men were obtained for HIV and HSV-2 serology, using the same methodology as during the RCT. Male participants were also screened for acute HIV infection using real time PCR.

### Study participants: Ethics statement {#sec011}

All participants provided written informed consent, and ethical approval for both new studies and assays on stored samples was obtained through Institutional Review Boards at the University of Toronto, the Uganda Virus Research Institute Scientific Ethics Committee, and the Johns Hopkins University Bloomberg School of Public Health. All samples were anonymized.

Sample collection {#sec012}
-----------------

Dacron swabs moistened with sterile saline and rotated twice around the full circumference of the penis at the coronal sulcus were collected from all men at enrollment and each follow up visit during the RCT, and once, immediately prior to circumcision, from the Circumcision Service participants. The same clinical officers collected swabs throughout both studies and care was taken to collect each swab in a consistent manner. Female partners of Circumcision Service Participants were asked to insert a Dacron swab into the vagina, rotate once, and remove it. Swabs were immediately placed in 1ml undiluted AMPLICOR STD Specimen Transport Kit medium (Roche Diagnostics, Indianapolis, IN) at 4°C for less than 4 hours, and then suspended, aliquoted and stored at −80°C. Foreskin tissue removed during circumcision was also collected from Circumcision Service Participants. Tissue was processed immediately upon surgical removal: two sections from distal locations on the foreskin (one from the approximate center of the inner aspect, and one from the center of the outer aspect) were snap frozen into cryomolds in Optimal Cutting Temperature (OCT) compound (both Fisher Scientific, Toronto, Canada) for immunohistochemistry; and one large section containing equal area of the inner and outer aspects reserved for T cell isolation.

Cytokine measurement {#sec013}
--------------------

An electrochemiluminescent detection system using a custom Human Ultra-Sensitive kit from Meso Scale Discovery (Rockville, MD) was used to assay cytokines in coronal sulcus swabs from both RCT and Service Program participants. Cytokines assessed were: IL-1α (interleukin-1α), IL-8, MCP-1 (monocyte chemotactic protein-1), MIG (monokine induced by γ-interferon), MIP-3α, RANTES (Regulated on Activation, Normal T cell Expressed and Secreted), and GM-CSF (granulocyte macrophage colony-stimulating factor). Samples from each of the three analysis sets (Coronal sulcus cytokines and HIV acquisition, Impact of circumcision on coronal sulcus cytokines, and Prepuce cytokines and foreskin T cell density) were run on plates from the same manufacturer's lot, with samples from participant groups in each analysis set (i.e. cases and controls, circumcised and uncircumcised) distributed randomly and evenly proportioned across plates. Samples were run in duplicate, and results with a coefficient of variation (CV) above 20% for the two wells were re-run. An internal biological control was run in at two concentrations in duplicate on every plate to monitor plate-to-plate variability: internal control was made from pooled mucosal samples from 5 donors, with any low level analytes augmented by adding the relevant recombinant human protein. This sample was aliquoted for single use, and run both neat and diluted 1/20 on each plate (for biological and low-concentration controls). Plates were re-run if the concentration of any analyte in the internal control was \>3 standard deviations different from the average concentration from that analyte for the first 5 plates run. Plates were imaged using the Sector Imager 2400A platform (Meso Scale Discovery). The study lower limit of quantification (LLOQ) for each analyte were as follows: IL-1α = 0.6pg/ml; IL-8 = 1.5pg/ml; MCP-1 = 0.6pg/ml; MIG = 0.3pg/ml; MIP-3α = 3.0pg/ml; RANTES = 0.6pg/ml; and GM-CSF = 0.3pg/ml. Cytokine concentrations reported are not normalized, and are that of swab resuspended in 1ml transport buffer. Levels are therefore significantly lower than true concentration on the penis surface.

T cell isolation and characterization from foreskin tissue {#sec014}
----------------------------------------------------------

T cells were isolated from foreskin samples obtained from Service Program participants as previously described \[[@ppat.1006025.ref039]\]. Mononuclear cell counts were determined by trypan blue exclusion and 10-20x10^6^ cells (depending on yield) were stimulated with either 1ng/ml phorbol-12-myristate-13-acetate (PMA) and 1μg/ml ionomycin (both from Sigma; St. Louis, MO, USA) or vehicle (0.1% DMSO) in the presence of 5μg/ml Brefeldin A (GolgiPlug, BD Biosciences). After stimulation, samples were stained for CD3 (UCHT1), CD4 (RPA-T4), CD8 (SK1) and CCR5 (2D7/CCR5; all BD Biosciences). Samples for intracellular staining were permeabilized using BD Cytofix/Cytoperm solution and stained with TNFα (MAb11), IFNγ (B27; all BD Biosciences), or IL-17A (eBio64DEC17; eBiosciences). Samples were acquired using a FACSCalibur flow cytometer (BD Systems). Gating was performed as previously described \[[@ppat.1006025.ref039]\] by investigators blinded to participant status and cytokine levels.

Foreskin tissue immunochemistry studies {#sec015}
---------------------------------------

Proportions of T cell subsets were converted to absolute numbers per mm^2^ foreskin tissue using CD3 IHC as previously described \[[@ppat.1006025.ref083]\]. Briefly, OCT-cryopreserved tissues were sectioned, fixed in 2% formaldehyde, and frozen for batch staining. Sections were stained with anti-CD3 antibody, followed by biotin-labeled secondary, Alkaline Phosphatase Streptavidin Labeling Reagent and Substrate Kit Vector Red (all Vector Labs, Burlingame, CA), and then counterstained with Mayer's Hematoxylin (Fisher Scientific). The number of CD3+ T cells per mm^2^ of tissue for each patient was derived from the average of two biopsies taken from distal locations on the foreskin (median 6.10mm^2^ tissue/patient analyzed). Whole sections were scanned using the TissueScope 4000 (Huron Technologies, Waterloo, Canada) and image analysis software (Definiens, München, Germany) was used to delineate the apical edge of the epidermis to a depth of 300μm into the dermis (excluding artifacts or folds). CD3+ cells within this area were manually counted by a single investigator blinded to cytokine levels and participant status.

Neutrophil, Langerhans cell, and dermal dendritic cell density was assessed using immunofluorescence in a subset of men with high (n = 5) and low (n = 5) levels of coronal sulcus cytokines. Tissues cryopreserved in OCT were sectioned to 5μm using a Leica CM3050 cryostat (Leica Microsystems, Wetzlar, Germany), mounted on glass microscope slides, fixed for 7 minutes in ice-cold acetone, air-dried, and frozen at -80°C for batch staining. For staining, slides were thawed, permeabilized in PBS-Tween 20 for 20 minutes, and blocked using a streptavidin/biotin blocking kit (Vector Labs) and 10% normal rabbit serum. Neutrophils were visualized using biotin-labeled mouse anti-human CD15 antibody (eBiosciences) followed by DyLight 488 Streptavidin (Vector Labs) secondary. Dendritic cells were visualized with goat anti-human CD207 antibody (R&D Systems) and biotin-labeled mouse anti-human CD11c (eBiosciences). Slides were then washed and mounted using Vectashield HardSet Mounting Medium with DAPI Counterstain (Vector Labs), according to manufacturer's instructions. Whole sections were scanned using the Zeiss Axioscan (Carl Zeiss Microscopy, Cambridge, UK) and image analysis software (Definiens) was used to delineate and quantify the epidermal and dermal tissue (excluding artifacts or folds). Definiens was then used to count cell populations using a threshold set by an investigator blinded to cytokine levels and participant status. CD15+ cells were counted within total foreskin area (median area analyzed = 4.06 mm^2^), CD207+ cells in the epidermal tissue (1.36 mm^2^), and CD11c+ cells within dermal tissue (3.39 mm^2^).

Statistical analysis {#sec016}
--------------------

We used Stata 13.1 for Mac (College Station, TX, USA) to conduct statistical analysis and Prism 5.0 (GraphPad Software; La Jolla, CA, USA) to construct graphs. Flow cytometry data was analyzed in FlowJo 9.8.2 (Treestar; Ashland, OR, USA). All tests two-sided with α = 0.05.

### Statistical analysis: Coronal sulcus cytokines and HIV acquisition {#sec017}

To assess the relationship between coronal sulcus cytokine levels and risk of HIV acquisition, we performed a nested case-control study of men enrolled in the circumcision RCT. Our analysis was limited to those men who remained uncircumcised throughout the RCT, since circumcision is associated with a decreased risk of HIV \[[@ppat.1006025.ref029]\] and cytokine changes ([Fig 1](#ppat.1006025.g001){ref-type="fig"}). Cases consisted of 60 uncircumcised initially HIV-uninfected men who acquired HIV: 22 men seroconverted between baseline and 6 month's follow-up, 17 between months 6 and 12, and 22 between months 12 and 24. Cytokine levels were analyzed in swabs collected at the participant's last HIV-negative visit prior to seroconversion (therefore including 22 swabs from baseline visits, 17 swabs from month 6, and 21 swabs from month 12). Controls consisted of 120 men who remained persistently seronegative throughout the RCT, frequency-matched for visit with the seroconversion cases (i.e. 44 swabs from baseline visits, 34 swabs from month 6 visits, and 42 swabs from month 12 visits), to account for secular changes in cytokine levels over the trial period and to ensure no difference in storage time between case and control swabs. Demographics and sexual behaviors recorded at the time of swab collection were compared between cases and controls using Fisher\'s exact test. Because cytokine levels were generally low (below the assay LLOQ in at least 60% of swabs for all analytes), cytokine levels were dichotomized into "detectable" and "undetectable" based on the LLOQ for each analyte, and treated as binary exposures. In order to identify potential confounding variables (i.e., variables associated with both coronal sulcus cytokine detection and HIV acquisition), these same factors were also compared between men with detectable and undetectable cytokine levels using Fisher's exact test.

Multivariate conditional logistic regression (matching on visit) was used to assess the association between the presence of each cytokine and the odds ratio (OR) and 95% confidence interval (CI) of HIV seroconversion relative to persistently seronegative controls. We used multivariate logistic regression models to estimate adjusted ORs (aOR) and 95% CI of HIV seroconversion associated with each coronal sulcus cytokine. Additional covariates in the adjusted models included occupation, marital status, number of sex partners, condom use, alcohol use, syphilis prevalence, and HSV-2 prevalence. To determine if the number of coronal sulcus cytokines detected was associated with a higher risk of HIV seroconversion, multivariate logistic regression was used treating number of cytokines detectable as a continuous variable and as a categorical variable (0, 1, or ≥2 cytokines present).

### Statistical analysis: Impact of circumcision on coronal sulcus cytokines {#sec018}

To determine the impact of circumcision on coronal sulcus cytokines, we analyzed cytokine levels longitudinally (at enrolment and at months 6, 12, and 24) in men randomized to either circumcision (n = 80) or delayed circumcision ("uncircumcised", n = 80) in the circumcision RCT. This sample size (n = 160) provided us with an 80% chance of detecting a 33% decrease in the prevalence of detectable IL-8 (α = 0.05, two-sided, assuming 65% prevalence of detectable IL-8 before circumcision). All men in this analysis were uncircumcised at the enrolment visit, and remained persistently HIV seronegative throughout the trial. Cytokine levels were dichotomized as "detectable" or "undetectable". Enrolment demographics were compared between men randomized to immediate or delayed circumcision, and between men with detectable or undetectable cytokines, using Fisher's exact test. Cytokine detection prevalence was compared between circumcised and uncircumcised men at each visit using Fisher's exact test. For cytokines that differed between circumcised and uncircumcised men at follow-up visits ([S4 Table](#ppat.1006025.s004){ref-type="supplementary-material"}), we used logistic regression models with generalized estimating equations (GEE) and robust variance estimators (unstructured correlation model) to determine if cytokine prevalence decreased at each follow-up visit compared to enrolment separately for each trial arm. Lastly, including men from both RCT arms, we used a logistic GEE model with an interaction terms for visit and assignment to determine if changes in cytokine detectability over time significantly differed by circumcision status.

### Statistical analysis: Prepuce cytokines and foreskin T cell density {#sec019}

Cytokines were measured in coronal sulcus swabs from all 89 HIV-negative men enrolled though the Circumcision Service Program. During analysis IL-8 was treated as a continuous variable, with values below the LLOQ (5.6% of swabs) imputed as the value of the LLOQ (1.5pg/ml). MIG was less abundant, and thus treated as a binary variable, dichotomized at the LLOQ (0.3pg/ml). Concentration of IL-8 was correlated with the density of each cellular subset using simple linear regression. Densities of immune cell populations were compared between men with detectable and undetectable MIG, or between men with high and low cytokine levels, by the Mann-Whitney U test. Male and female partner cytokine levels were correlated using Spearman's rank correlation coefficient.
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